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The causal association between papillomavirus (HPV) infection and cervical cancer has been demonstrated; the
development of a prophylactic vaccine to protect against HPV infection may therefore reduce the incidence of
this cancer worldwide. Noninfectious HPV-like particles (VLPs), composed of the L1 major capsid protein, are
current candidate vaccines for prevention of HPV infection and cervical neoplasia. Although neutralizing anti-
bodies have a pivotal role in the prevention of initial infection, cellular immune responses to HPV antigens may
have an important role in viral clearance. A phase II trial was conducted to further evaluate the immunogenicity
of a recombinant HPV-16 L1 VLP vaccine administered intramuscularly, without adjuvant, at 0, 1, and 6 months.
Cell-mediated immune responses (lymphoproliferation and cytokine production) to HPV-16 L1 VLPs were eval-
uated in peripheral blood mononuclear cells (PBMCs) from 43 individuals receiving the L1 VLP vaccine and
from 10 individuals receiving placebo. Vaccination resulted, at months 2 and 7 (i.e., 1 month after the second
immunization and 1 month after third immunization, respectively), in increases in T cell–proliferative response
to HPV-16 L1 VLPs ( ). In addition, significant increases in cytokine (interferon-g, interleukin [IL]–5 andP ! .001
IL-10) responses to L1 VLPs were observed after vaccination ( ). The strongest cytokine responses atP ! .001
month 7 were observed in individuals with high antibody titers at month 2, suggesting that neutralizing antibodies
generated by initial vaccination may augment T cell responses to subsequent booster vaccinations. No significant
increases in lymphoproliferative or cytokine responses to L1 VLPs were observed in individuals receiving placebo.
In summary, the HPV-16 L1 vaccine induces not only robust B cell responses but also L1-specific T cell responses
detectable by proliferation of both CD4+ and CD8+ T cells and in vitro production of both Th1- and Th2-type
cytokines. Future efficacy studies are needed to evaluate whether and/or how VLP vaccines confer protection
against genital HPV infection and associated disease.

Cervical cancer is the second leading cause of cancer-

related death in women and is the most common cancer

among women in developing countries, with an esti-

mated 500,000 cases diagnosed each year and 1200,000
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cervical cancer–related deaths occurring annually [1].

Genital human papillomavirus (HPV) infections are

the most common viral sexually transmitted diseases

worldwide and, in epidemiological and experimental

studies, have been found to be the central etiological

risk factor for cervical cancer [2–5]. HPV-16 is the most

frequently occurring type, present in 50% of cases, and

together with types 18, 45, and 31, constitutes 80% of

cervical cancers [3]. Papanicolaou screening programs

have been effective at reducing the incidence of and the

mortality from cervical cancer in countries where or-

ganized screening programs have been implemented,

but they have been so at very high cost [6]. An effec-
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tive HPV vaccine that targets HPV-16 and possibly other known

oncogenic HPV types is therefore needed to decrease the in-

cidence of cervical cancer and its associated screening and treat-

ment costs. Two main types of vaccine are currently being de-

veloped: (1) prophylactic vaccines to prevent HPV infection and

the concomitant cervical neoplasia and (2) therapeutic vaccines

to induce viral clearance and regression of precancerous lesions.

A promising prophylactic papillomavirus vaccine candidate

currently in clinical trials is composed of the viral L1 capsid

protein that is synthesized in eukaryotic or prokaryotic systems

and purified in the form of virus-like particles (VLPs) [7]. VLPs

are morphologically and immunologically similar to authentic

virions, except that they do not contain the papillomavirus ge-

nome and are therefore noninfectious. VLP vaccines have been

highly successful in the prevention and treatment of papillo-

mavirus infection in animal models of cottontail rabbit virus

(CRPV), bovine virus, and canine oral papilloma virus (COPV)

[4]. In each model, the animals were protected from experimental

challenge with high doses of homologous virus [8–11]. Passive

transfer of serum or IgG from vaccinated to naı̈ve animals in the

CRPV and COPV models indicated that the protection afforded

by the VLPs was mediated by neutralizing antibodies [8, 11].

In phase I and phase II clinical trials, L1 VLPs have been

found to safely induce a strong humoral response even in the

absence of adjuvant, with type-specific, high-titer neutralizing

antibodies against conformationally dependent L1 epitopes

[12]. Thus, VLPs represent attractive candidates for HPV pro-

phylactic subunit vaccines with the long-term goal of eliciting

protection against HPV-induced diseases, including cervical

cancer, by prevention of virus infection. Our previous phase I,

double-blind, randomized, placebo-controlled dose-escalation

study of 72 healthy young women and men receiving either

10- or 50-mg doses of VLPs intramuscularly (im), with or with-

out adjuvant, demonstrated that the group vaccinated with 50

mg without adjuvant yielded the highest geometric-mean neu-

tralizing-antibody titers [12]. On the basis of these observa-

tions, the 50-mg dose without adjuvant was selected for sub-

sequent testing in the phase II clinical trials of this vaccine.

Immune correlates of protection against HPV infection and

HPV-associated disease progression have not been established.

Although the focus of early prophylactic trials has naturally

been on the generation of neutralizing antibodies, cell-mediated

immunity (CMI) responses to HPV proteins are also important

for an HPV prophylactic vaccine and may participate in early

defense against HPV. CMI responses, in particular T helper

responses, participate in the generation and maintenance of

protective B cell responses and therefore may have an important

role in the achievement of high neutralizing-antibody titers

[13]. Cytotoxic T lymphocyte (CTL) responses to L1 may also

be important for maximization of prophylactic efficacy, by

eliminating or limiting the number of HPV–infected cells that

have escaped antibody neutralization. Although HPV L1 pro-

teins are detectably expressed only in the more superficial layers

of the epithelium, evidence suggests that cells expressing levels

of L1 protein that are below detectability by present-day assays

can still be targeted by CTLs induced by vaccination with VLPs

[14]. Furthermore, in at least 1 human trial, there is preliminary

evidence to suggest that CMI induced by vaccination with VLPs

might have a therapeutic effect against genital warts [15]. Fi-

nally, antiviral cytokines released by antigen-specific T cells,

such as interferon (IFN)–g and tumor necrosis factor (TNF)–a,

also may contribute to inhibition and control of infection [16].

This study analyzes CMI responses induced by a recombinant

HPV-16 L1 vaccine in healthy adult women enrolled in a dou-

ble-blind, randomized, placebo-controlled phase II trial. Lym-

phoproliferative and cytokine responses (IFN-g, IL-10, and IL-

5) to L1 VLPs from peripheral blood leukocytes were examined

in vitro before and after im vaccination.

SUBJECTS, MATERIALS, AND METHODS

Study design. A double-blind, randomized, placebo-con-

trolled phase II trial was initiated to further examine the safety

and immunogenicity of 3 injections of 50 mg of the HPV-16

L1 VLP vaccine, without adjuvant, in a sample of 220 healthy,

HIV-seronegative adult female volunteers 18–25 years of age.

Subjects were enrolled at The John Hopkins University Center

for Immunization Research (Baltimore). Subjects were deter-

mined, on the basis of sexual history, to be at low risk for HPV-

16 exposure. Individuals were not eligible if they had a history

of 14 sexual partners. Women were randomly assigned to 1 of

2 groups to receive either 50 mg of HPV-16 L1 vaccine (n p

) or placebo ( ), 0.5 mL of sterile saline solution.180 n p 40

Subjects received vaccine or placebo, injected im into the del-

toid, at 0, 1, and 6 months. Subjects were evaluated clinically,

and blood specimens were collected for immunologic assays

before the initial vaccination (i.e., at month 0) and 1 month

after each of the 2 subsequent vaccinations (i.e., at months 2

and 7). All vaccine recipients were monitored for clinical signs

and symptoms for 7 days after each vaccination. The vaccine

was well tolerated and induced high levels of antibodies, as

reported elsewhere [12]. The protocol for this study was ap-

proved by The John Hopkins University Institutional Review

Board. The blood specimens earmarked for CMI assays were

shipped fresh to the monitoring laboratory, where peripheral

blood mononuclear cells (PBMCs) were separated by density

centrifugation over a ficoll-hypaque gradient [17]. For the pres-

ent study, 53 subjects were selected and were tested immedi-

ately. PBMCs from the remaining trial participants were cryo-

preserved for future testing. In addition to the 53 subjects (43

vaccine recipients and 10 placebo recipients) selected for fresh

testing, cryopreserved PBMCs from 36 participants (29 vaccine
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recipients and 7 placebo recipients) were selected for additional

experiments, performed to determine the specificity of the ob-

served responses to VLPs (see below).

HPV-16 L1 VLP vaccine. Recombinant HPV-16 L1 virus-

like particles (VLPs) expressed in the baculovirus system were

used to investigate cellular immune responses to vaccination with

VLPs. HPV-16 L1 VLPs were expressed in baculovirus-infected

Sf9 insect cells (Novavax). Production of clinical lots of recom-

binant HPV-16 L1 VLP vaccines was performed in accordance

with GMP guidelines at the Vaccine Production Facility of No-

vavax, Inc., as reported elsewhere [12]. Formulated L1 VLPs from

a single lot were dispensed aseptically into sterile vials (3.0-mL

size, type 1 borosilicate glass, silanized, depyrogenated; Wheaton

Glass) as a single-unit dose and were designated the final con-

tainer vials. Vials containing the L1 VLPs were stored at �20�C

and were thawed immediately before being administered. Filling

of vials from the single manufacturing lot used for our trial

occurred at 3 separate times, denoted as fills “A,” “B,” and “C.”

Subsequent to our study, fills B and C were noted to have used

vials that had been inadequately silanized, and L1 VLPs were

shown to have adhered to the walls of the unsilanized vials.

Among participants in the present study, 11 volunteers received

all 3 doses from fill A, whereas the remaining 32 volunteers

received 2 doses, at months 0 and 1, from fill A and received

the third dose, at month 6, from either fill B or fill C. Since the

dose of antigen delivered to these 32 individuals at month 6 is

unknown, CMI data obtained from these individuals at month

7 were not included in our final analysis.

Lymphoproliferation assays. Assays of lymphoprolifera-

tion were performed on fresh PBMCs collected before the initial

vaccination (i.e., at month 0) and after the 2 subsequent vac-

cinations (i.e. at months 2 and 7), from a total of 43 vaccine

recipients and 10 placebo recipients. PBMCs were plated in

quadruplicate, at cells/well, in 96-well round-bottom52 � 10

plates (Costar) in RPMI-1640 (Gibco, Invitrogen Life Tech-

nologies) supplemented with penicillin-streptomycin (100 mg/

mL–100 U/mL; Gibco), glutamine (2 mM) and HEPES buffer

(10 mM), and 10% fetal calf serum (R-10; Gibco). Cells were

cultured in the presence or absence of HPV-16 L1 VLPs (10,

2.5, 1, and 0.25 mg/mL) diluted in R-10 media. Stocks of L1

VLP preparations were provided from the vaccine manufacturer

to the laboratory, at 0.8 mg/mL and 1.0 mg/mL. The purity of

the HPV-16 L1 VLPs was 196%, as determined by SDS-PAGE.

Phytohemagglutinin (PHA) (1:100; Sigma) and influenza virus

(1:100; ATCC) were used as controls for the assay. Cultures

containing mitogens or antigens were pulsed with 1 mCi of

[3H]-thymidine (Perkin-Elmer) for 18 h after either 48 or 96

h of culture, respectively. Cultures were harvested and counted

in an automated scintillation counter (Microbeta; Perkin-Elmer).

Results were expressed as cpm or stimulation indices (SIs), cal-

culated as cpm of cultures in the presence of antigen or mitogens

divided by cpm of cultures in the presence of media alone.

Because the L1 VLPs were purified from a baculovirus ex-

pression system, an Sf-9/baculovirus insect-cell lysate (0.1 mg/

mL) was used as control antigen for the system of production

of the L1 VLPs in experiments performed to determine specificity

of the responses to L1 VLPs. These experiments were performed

with cryopreserved PBMCs from a total of 29 vaccine recipients

and 7 placebo recipients.

Bromodeoxyuridine (BrdUrd) labeling and flow-cytometric

analysis. The following assay was performed as described

elsewhere [18]. BrdUrd incorporation into CD4+ and CD8+ T

cells from a subset of 4 vaccine recipients and 2 placebo re-

cipients was determined before the initial immunization (i.e.,

at month 0) and after the second immunization (i.e., at month

2). PBMCs cultured for 5 days at 37�C in the presence of L1

VLPs (2.5 mg/mL), control baculovirus lysate, influenza, and

control media were incubated with 10 mM 5-BrdUrd (BrdUrd;

Sigma) for the final 4.5 h of culture at 37�C, in 5% CO2. Cell-

surface staining was performed with either anti–human CD3

phycoerythrin PE (Becton Dickinson), anti–human CD4 PC5

(Beckman Coulter), or anti–human CD8 ECD (Beckman Coul-

ter) antibodies. The stained cells were treated with OptiLyse C

lysing solution (Immunotech) for 10 min at room temperature,

followed by incubation, for 15 min at 37�C, with 1% parafor-

maldehyde and 1% Tween-20 in PBS, to fix and permeabilize

the cells. Cellular DNA in the permeabilized cells was partially

digested, for 30 min at 37�C, with 100 Kunitz units of DNase-

I (Boehringer-Mannheim) in DNase buffer (PBS with 4.2 mM

MgCl2, pH 5) and then was stained, for 30 min, with anti-

BrdUrd FITC (Becton Dickinson) antibody in 1� PBS con-

taining 1% bovine serum albumin and 0.5% Tween-20. Cells

were washed twice before flow-cytometric analysis. A total of

100,000–150,000 CD3+ T cells were collected. Samples were

stained and analyzed in parallel with unlabeled cells (without

BrdUrd) from the same individual, and this value was sub-

tracted from the value obtained for BrdUrd-labeled cells. Data

are presented as the percentage of cells in the specific lympho-

cyte pool that are BrdUrd+. The high sensitivity (!0.01%

BrdUrd+ cells) of this assay derives from analysis of large num-

bers of events (50,000–100,000), strong anti-BrdUrd–antibody

staining of labeled cells, and low background binding of anti-

BrdUrd antibody to unlabeled cells [18].

Cytokine induction assays. PBMCs (at a final concentra-

tion of /mL) were incubated, for 3 days at 37�C, in the61.5 � 10

absence or presence of PHA-M (1:100), influenza virus (1:100),

HPV-16 L1 VLPs (10, 2.5, 1, and 0.25 mg/mL), and 6% CO2, in

R-10 media. Cell-free supernatants were harvested and were fro-

zen at �20�C. As described above for the assays of lymphopro-

liferation, an Sf-9/baculovirus insect-cell lysate (0.1 mg/mL) was
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Table 1. Immune responses (lymphoproliferation and cytokine production) to human papillomavirus–like particles (VLPs),
in vaccine recipients and placebo recipients.

Response type,
L1 VLP concentration

Time
(months)

Vaccine Placebo

No.
tested

Immune response,
mean � SE (range)

No.
tested

Immune response,
mean � SE (range)

Lymphoproliferation, SIa

L1 VLP concentration 10 mg/mL 0 43 4.2 � 0.6 (0.9–24.1) 10 4.1 � 1.5 (0.7–17.0)

2 39 6.0 � 0.6 (1.9–19.7) 10 2.6 � 0.3 (1.3–3.7)

7b 11 7.3 � 2.3 (0.9–28.4) 10 2.8 � 0.3 (1.7–4.8)

L1 VLP concentration 2.5 mg/mL 0 43 2.8 � 0.3 (0.8–11.0) 10 2.9 � 0.6 (0.7–6.7)

2 39 5.4 � 0.4 (2.2–13.6) 10 2.0 � 0.2 (1.3–3.0)

7b 11 5.8 � 1.2 (1.0–14.9) 10 2.0 � 0.3 (0.8–4.2)

Interferon-g, pg/mLc

L1 VLP concentration 10 mg/mL 0 36 94.9 � 11.8 (7.8–326.6) 9 62.3 � 16.1 (7.8–129.5)

2 39 347.7 � 37.5 (36.3–939.2) 10 81.7 � 36.5 (7.8–382.7)

7b 11 321.9 � 80.4 (1832.4–782.2) 9 62.0 � 15.1 (7.8–144.2)

L1 VLP concentration 2.5 mg/mL 0 17 34.5 � 8.0 (7.8–102.7) 4 13.9 � 3.5 (7.8–20.5)

2 23 162.7 � 30.6 (7.8–579.4) 7 13.1 � 3.8 (7.8–34.3)

7b 11 214.6 � 72.0 (18.8–709.0) 9 19.1 � 4.7 (7.8–43.2)

Interleukin-10, pg/mLc

L1 VLP concentration 10 mg/mL 0 36 44.8 � 5.1 (4.7–154.4) 9 37.8 � 7.1 (4.7–66.6)

2 39 191.3 � 26.5 (31.7–600.0) 10 33.3 � 6.8 (10.1–67.6)

7b 11 225.1 � 49.7 (46.9–600.0) 9 22.2 � 5.7 (10.5–65.5)

L1 VLP concentration 2.5 mg/mL 0 17 14.4 � 2.2 (4.7–35.2) 4 13.0 � 3.0 (4.7–18.2)

2 23 62.9 � 6.5 (13.8–136.3) 7 10.4 � 3.6 (4.7–30.2)

7b 11 145.4 � 40.3 (33.4–491.5) 9 18.3 � 13.1 (4.7–122.9)

Interleukin-5, pg/mLc

L1 VLP concentration 10 mg/mL 0 36 6.0 � 0.9 (3.2–19.5) 9 6.6 � 1.5 (3.2–14.1)

2 39 52.6 � 8.3 (3.2–183.8) 10 5.9 � 1.2 (3.15–12.7)

7b 11 62.7 � 22.9 (8.5–263.5) 9 6.7 � 1.5 (3.15–13.7)

L1 VLP concentration 2.5 mg/mL 0 17 4.9 � 1.1 (3.2–19.0) 4 7.6 � 4.4 (3.15–20.8)

2 23 56.2 � 11.7 (3.2–169.3) 7 3.2 � 0 (3.15–3.15)

7b 11 46.4 � 19.8 (3.2–230.7) 9 4.4 � 2.0 (3.15–8.2)

NOTE. for all values at months 2 and 7, compared with values at month 0, in vaccine recipients. SI, stimulation index.P ! .001
a Calculated as described in Subjects, Materials, and Methods.
b Includes only individuals that received lot A at the third immunization.
c Determined by ELISA.

used as a control antigen in experiments performed to evaluate

specificity of the responses to L1 VLPs.

Cytokine determinations. Supernatants from the cyto-

kine-induction assay were thawed and were tested, in duplicate

wells, for IFN-g, IL-10, and IL-5, by ELISA (Endogen), ac-

cording to the manufacturers’ instructions. The lower levels of

detection for IFN-g, IL-10, and IL-5 were 15.6, 9.3, and 6.3

pg/mL, respectively. Levels lower than the lowest detection lev-

els were arbitrarily considered to be one-half of the lower de-

tection level (i.e., 7.8, 4.7, and 3.2 pg/mL, respectively).

HPV-16 serology. Presence of antibodies to HPV-16 L1

VLPs was assessed by ELISA, as described elsewhere [12]. The

antibody titers were expressed as the reciprocals of the highest

dilution showing positive reactivity in each assay. Since our

interest was to evaluate whether antibody titers induced by

vaccination affect T cell responses to subsequent vaccination,

serum samples from the volunteers who received the third dose

of vaccine from fill A were examined ( ).n p 11

Statistical analysis. The nonparametric Kruskal-Wallis or

Mann-Whitney test was used to determine statistical differences,

over time, within a group, and a nonparametric test for trend

[19] was used to test time trends. For categorized outcomes,

Pearson x2 tests and x2 tests for trend were used. To determine

the relationships between different immune markers, we used
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Figure 1. Lymphoproliferative (A) and cytokine (B–D) responses to human papillomavirus (HPV)–16 L1 HPV-like particles (VLPs), in vaccine (V)
recipients (black symbols) and placebo (P) recipients (white symbols), with 2 concentrations (10 mg/mL [squares] and 2.5 mg/mL [circles] ) of HPV-16
L1 VLPs in vitro. Results are expressed as mean � SE. Lymphoproliferative responses were evaluated by use of peripheral blood mononuclear cells
(PBMCs) stimulated with L1 VLPs (10 mg/mL and 2.5 mg/mL) for 5 days; results are presented as stimulation indices. Cytokine responses were
determined as described in Subjects, Materials, and Methods, by use of supernatants from cultures stimulated for 3 days with L1 VLPs; cytokine
levels were determined by ELISA and are expressed as picograms per milliliter. At month 0, cytokine levels for unstimulated cultures were 10.1 �
2.0 pg/mL ( ) for interferon-g, 11.3 � 1.1 pg/mL ( ) for interleukin (IL)–10, and 3.7 � 2.2 pg/mL ( ) for IL-5; similarly low levelsn p 39 n p 39 n p 39
were detected in unstimulated supernatants from PBMCs collected at months 2 and 7.

both Spearman rank correlation, for continuous values, and exact

agreement, for categorized values (0–25 percentile, 25–75 percen-

tile, and 75–100 percentile). was considered significant.P ! .05

RESULTS

Lymphoproliferative responses to HPV-16 L1 VLPs after im-

munization. Freshly isolated PBMCs were tested, in vitro,

for lymphoproliferative responses to L1 VLPs (10 and 2.5 mg/

mL) before the initial injection (i.e., at month 0), 1 month

after the second injection, and 1 month after the third injection

(i.e., at months 2 and 7, respectively). Table 1 summarizes these

responses in vaccine recipients and placebo recipients. For lym-

phoproliferative responses to L1 VLPs, an SI 13 was seen, before

immunization, in a sizeable proportion of individuals (49%

and 30% for L1 VLPs at concentrations of 10 mg/mL and 2.5

mg/mL, respectively; SI, 4.2 � 0.6 and 2.8 � 0.3, respectively;

). A statistically significant increase in the lymphopro-P ! .001

liferative responses to L1 VLPs was seen after vaccination re-

gardless of the L1 VLP concentration used in the in vitro assay

( ). The peak lymphoproliferative responses wereP ! .001trend

seen at month 7 (SI, 7.3 � 2.3 and 5.8 � 1.2, for HPV L1

VLPs at concentrations of 10 mg/mL and 2.5 mg/mL, respec-

tively; ). After in vitro stimulation with 10 mg/mL, theP ! .002

proportion of individuals with an SI 13.0 was 87% (34/39) at

month 2 and 91 % (10/11) at month 7, compared with 49%

at month 0 ( ). In contrast, no significant increasesP ! .001trend

in lymphoproliferative responses to L1 VLPs were observed

among the placebo recipients at months 2 and 7, compared

with month 0 (figure 1A, and table 1) (SIs at months 2 and 7

were 2.6 � 0.3 [range, 1.3–3.7] and 2.8 � 0.3 [range, 1.7–4.8],

respectively, relative to an SI of 4.1 � 1.5 [range, 0.7–17.0] at

month 0; ; ). Similar trends for lymphoprolif-n p 10 P p .93

erative responses were observed when L1 VLPs were used in

vitro at a concentration of 2.5 mg/mL (figure 1A), although the

level of response at this concentration of L1 VLPs was lower

than those seen at higher concentrations of L1 VLPs. Increases

in lymphoproliferative responses to L1 VLPs after immuniza-

tion were still detected when L1 VLPs were tested, in vitro, at

1 mg/mL and 0.25 mg/mL (data not shown). Similar patterns

were seen in analysis restricted to individuals who received all

3 vaccine doses from fill A (data not shown).

When we examined before-and-after–vaccination changes in

lymphoproliferative responses at the individual level rather than

by comparing the means, similar patterns were observed (figure

2). In 40% (15/38) of vaccine recipients at month 2, 12-fold
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Figure 2. Lymphoproliferative (A and B ) and cytokine (C–H) responses
to human papillomavirus (HPV)–16 L1 HPV-like particles (VLPs): comparison
between months 0 and 2 (A, C, E, and G ) and months 2 and 7 (B, D, F,
and H ), in vaccine recipients (circles) and placebo recipients (triangles).
Lymphoproliferative responses were evaluated by use of peripheral blood
mononuclear cells stimulated with L1 VLPs (10 mg/mL) for 5 days; results
are presented as stimulation indices (SIs) of cultures performed in quad-
ruplicate and determined as described in Subjects, Materials, and Methods.
Cytokine responses also were determined as described in Subjects, Ma-
terials, and Methods, by use of supernatants from cultures stimulated for
3 days with L1 VLPs (10 mg/mL); cytokine levels were determined by ELISA
and are expressed as picograms per milliliter. Each cytokine value represents
the mean of duplicate cultures.

increases in lymphoproliferative responses to L1 VLPs in vitro

at a concentration of 10 mg/mL were observed; similarly, 55%

(21/38) of vaccine recipients at month 2 showed 12-fold in-

creases in lymphoproliferative responses to L1 VLPs vitro at a

concentration of 2.5 mg/mL. None of the 10 placebo recipients

showed 12.0-fold increases in lymphoproliferative responses to

L1 VLPs. Further increases in the lymphoproliferative responses

to L1 VLPs (10 mg/mL) were seen at month 7, relative to month

2, for 46% (5/11) of vaccinated individuals, but only 9% (1/

11) had increases at month 7 that were 12-fold higher than

their responses at month 2.

In contrast to the increases in responses to L1 VLPs after

vaccination, a slight trend of decreasing SIs, over time, for both

vaccine and placebo, was observed in the lymphoproliferative

responses to the positive control mitogens PHA ( )P ! .01trend

and the positive control antigen (influenza virus; )P ! .01trend

during the course of the study.

To determine the relative contribution of CD4+ and CD8+

T cells in the lymphoproliferative responses to L1 VLPs detected

after immunization, incorporation of the thymidine analog

BrdUrd was used to measure, before and after immunization,

the relative numbers of CD4+ and CD8+ lymphocytes progress-

ing through S phase of the cell cycle after in vitro stimulation

of PBMCs by L1 VLPs. BrdUrd incorporation into the DNA

of dividing lymphocyte subsets was quantified by flow cytom-

etry. Figure 3 shows profiles of BrdUrd incorporation into the

DNA of dividing peripheral CD4+ (figure 3A and C) and CD8+

(figure 3B and D) T cells from 1 of the vaccine recipients tested

before (figure 3A and B) and after immunization (figure 3C

and D). After immunization, increased levels of proliferating

CD4+ and CD8+ T cells were observed in the 4 vaccine recipients

but in neither of the 2 placebo recipients tested. The level of

lymphoproliferative responses to L1 VLPs was higher among

CD4+ cells than among CD8+ T cells. The mean relative levels

of proliferating CD4+ and CD8+ T cells in response to the L1

VLPs and control antigens, in 4 vaccine recipients and 2 placebo

recipients, is shown in table 2. The results of the labeling ex-

periments are in agreement with the data on lymphoproliferation.

Cytokine responses to HPV-16 L1 VLPs after immuniza-

tion. To evaluate the pattern of cytokine release by PBMCs

from vaccine recipients and placebo recipients, cytokines char-

acteristic of a Th1 (IFN-g) and Th2 type response (IL-10 and

IL-5) were measured in supernatants from cultures stimulated

with HPV-16 L1 VLPs in vitro. The mean cytokine levels pro-

duced in response to L1 VLPs at concentrations of 10 mg/mL

and 2.5 mg/mL are presented in figure 1B–D and table 1. Sta-

tistically significant increases in the mean levels of all three

cytokines were seen after vaccination, regardless of the L1 VLP

concentration used in the in vitro assay ( ; figure 1).P ! .001trend

Similar increases were also detected when L1 VLPs were tested,

in vitro, at concentrations of 1 mg/mL and 0.25 mg/mL and

when analysis was restricted to individuals who received all 3

vaccine doses from fill A (data not shown). The highest incre-

ment in cytokine responses was observed at month 2 (i.e., after

the second vaccination). Further increases were seen after the
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Figure 3. Detection of BrdUrd-labeled CD4+ (A and C ) and CD8+ (B and D ) T cells in a vaccine recipient, after in vitro stimulation of peripheral
blood mononuclear cells (PBMCs) with L1 VLPs (2.5 mg/mL), before the initial immunization (i.e., at month 0) (A and B ) and after immunization (i.e.,
at month 2) (C and D ). PBMCs cultured for 5 days at 37�C in the absence or presence of either L1 VLPs (2.5 mg/mL) or control agents were incubated
with and without BrdUrd for 4.5 h at 37�C. Cell staining and flow-cytometric analysis of labeled cells were performed as described in Subjects,
Materials, and Methods. Values in the right quadrants of the histograms are percentages of BrdUrd+ cells within corresponding subsets of CD3+ cells.
A total of 1140,000 CD3+ T cell events were analyzed.

third immunization, but these increases were, for the most part,

small and nonsignificant (figure 2B–D and table 1). The one

exception was IL-10, for which a significant increase in response

to L1 VLPs (at a concentration of 2.5 mg/mL) was observed at

month 7, compared with month 2 ( ). In the placeboP p .008

recipients, no significant increases in the mean cytokine levels

produced in response to L1 VLPs were observed at months 2

and 7, compared with month 0 (figure 1B–D) (IFN-g, P p

; IL-10, ; and IL-5, ) (figure 1B–D)..94 P p .19 P p .89

When before-and-after–vaccination changes in cytokine re-

sponses were examined at the individual level rather than by

comparison of the means, similar patterns were observed (fig-

ure 2). At month 2, the vast majority of vaccine recipients

showed increases in cytokine responses to L1 VLPs, relative to

prevaccination (month 0) levels; 75% to 85% of vaccine re-

cipients showed 12-fold increases in cytokine production at

month 2. For IFN-g, a further increase was observed in 36%

(4/11) of vaccine recipients at month 7, but these increases

were !2-fold more than those at month 2 (figure 2D). Similarly,

for IL-10, a further increase was observed in 18% (2/11) of

vaccine recipients at month 7, but the increases observed were

negligible (figure 2F). The largest observed increases at month

7 were for IL-5 (figure 2H); increases over the levels at month

2 were seen in 82% (9/11) of the vaccine recipients, and for

55% (6/11) of them the increase was 12-fold. During the course

of the study, no significant increases were observed in the cy-

tokine responses to the positive control mitogens and antigens

(PHA and influenza virus), in either the vaccine recipients or

the placebo recipients (data not shown).

Specificity of L1-induced immune responses. To address

the specificity of the immune responses to HPV-16 L1 VLPs,

cryopreserved PBMCs from a subset of vaccine recipients and

from a subset of placebo recipients were tested, in parallel, for

lymphoproliferative (29 vaccine recipients and 7 placebo recip-

ients) and cytokine (22 vaccine recipients and 5 placebo recip-

ients) responses to HPV-16 L1 VLPs and to a lysate of wild-type

baculovirus-infected Sf-9 insect cells, similar to that used to pro-

duce the L1 VLPs. Results are summarized in table 3. Fresh and

cryopreserved PBMCs showed similar patterns of immune re-

sponses to the L1 VLPs, although the cryopreserved cells had,

in general, lower levels than did the fresh cells (data not shown).

Although significant immune responses to L1 VLPs were

mounted at months 2 and 7 ( ), there were no similarP ! .05trend

increases in the lymphoproliferative responses to the insect-cell/

baculovirus control lysate ( (table 3). Similarly, thereP ! .80trend

were no significant increases in the cytokine (IFN-g, IL-10, or
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Table 2. Percentage of proliferating (BrdUrd+) cells within CD4 and CD8, CD3 lymphocytes to L1 human pap-
illomavirus (HIV)–like particles (VLPs) before the initial immunization (i.e., at month 0) and after the second
immunization (i.e., at month 2) with HPV-16 L1 VLPs, and corresponding lymphoproliferative responses determined
by incorporation of tritiated thymidine.

Treatment, time, conditionsa
CD3+CD4+BrdUrd+,
mean � SD, %b

CD3+CD8+BrdUrd+,
mean � SD, %b

Lymphoproliferation,
mean � SD, cpmb

Vaccine ( )n p 4

0 months

Media 0.03 � 0.02 0.02 � 0.01 1495 � 899

L1 VLP concentration 2.5 mg/mL 0.17 � 0.16 0.14 � 0.12 3939 � 1600

Control lysate 0.016 � 0.01 0.03 � 0.02 1897 � 2453

Influenza virus 6.13 � 3.47 6.07 � 4.17 44,304 � 15,712

2 months

Media 0.05 � 0.02 0.08 � 0.05 1880 � 628

L1 VLP concentration 2.5 mg/mL 0.80 � 0.62 0.45 � 0.31 29,521 � 17,886

Control lysate 0.13 � 0.11 0.09 � 0.09 3301 � 4165

Influenza 5.05 � 1.14 4.32 � 2.56 41,303 � 25,342

Placebo ( )n p 2

0 months

Media 0.01 � 0.01 0.03 � 0.03 1892 � 61

L1 VLP concentration 2.5 mg/mL 0.01 � 0.00 0.01 � 0.01 3801 � 1682

Control lysate 0.00 � 0.00 0.01 � 0.00 1172 � 405

Influenza 2.29 � 1.49 2.49 � 3.09 29,209 � 20,303

2 months

Media 0.01 � 0.02 0.01 � 0.02 749 � 35

L1 VLP concentration 2.5 mg/mL 0.01 � 0.00 0.01 � 0.00 1997 � 1794

Control lysate 0.01 � 0.01 0.01 � 0.01 900 � 412

Influenza virus 1.99 � 0.26 1.87 � 1.77 21,821 � 8000

a Control lysate is baculovirus-infected Sf-9 insect-cell lysate.
b Determined as described in Subjects, Materials, and Methods.

IL-5) responses to the control lysate after vaccination (table 3).

In addition, no increases in lymphoproliferative or cytokine re-

sponses to either the L1 VLPs ( for all measurements)P � .55trend

or the control lysate ( for all measurements) wereP � .21trend

observed, over time, in placebo recipients.

Correlations between CMI parameters. We evaluated the

correlation between the multiple measures of CMI responses

to L1 VLPs used in this study (i.e., lymphoproliferation, IFN-

g, IL-10, and IL-5). For this analysis, responses at months 2

and 7 were combined. When L1 VLPs were tested at a con-

centration of 2.5 mg/mL, significant positive correlations were

observed for all combinations of measures except for IL-10 and

proliferation; at this concentration, the Spearman values ranged

from 0.34 (for IL-5:IL-10; ) to 0.66 (for IL-10:IFN-g;P ! .05

). Percentage-agreement levels ranged from 44% (forP ! .05

IFN-g:lymphoproliferation) to 65% (for IL-5:IL-10).

Relationship between antibody and cellular immune re-

sponses. It has recently been reported that neutralizing an-

tibodies elicited in mice by L1 vaccination with VLPs can block

subsequent vaccinations’ boosting of CD8-mediated anti-tu-

mor responses [20]; however, T cell proliferative responses and

cytokine release, which can be largely dependent on CD4+ T

helper response, were not examined. To examine the potential

effect that neutralizing antibodies could have on cellular re-

sponses, we evaluated the relationship between antibody titers

to L1 VLPs at month 2 (i.e., 1 month after the second im-

munization) and CMI responses to L1 VLPs (i.e., lymphopro-

liferation, IFN-g, IL-10 and IL-5 responses) at month 7 (i.e.,

1 month after the third immunization), in vaccine recipients

whose third dose was from fill A ( ). Figure 4 shows foldn p 10

increases in lymphoproliferative and cytokine responses to the

L1 VLPs at month 7, compared with month 2, in individuals

with titers of anti–L1 VLP antibody that were either �2560 or

12560 at month 2. There was a direct positive correlation be-

tween the level of anti–L1 VLP antibodies after the second

immunization (i.e., at month 2) and the level of cytokine re-

sponses to L1 VLPs (at a concentration of either 10 mg/mL or

2.5 mg/mL) after the third immunization. Individuals with the

highest antibody titers (12560) at month 2 had the highest

increments in IFN-g, IL-10, and IL-5 responses at month 7,
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Table 3. Immune responses to L1 human papillomavirus–like particles (VLPs) and control
antigens, by cryopreserved peripheral blood mononuclear cells (PBMCs) from vaccine recip-
ients, at months 0, 2, and 7.

Response type, time
Control lysate,
mean � SE

L1 VLP concentration, mean � SE

10 mg/mL 2.5 mg/mL

Lymphoproliferation, SI

0 months 1.1 � 0.2 ( )n p 29 2.0 � 0.2 ( )n p 29 1.8 � 0.2 ( )n p 29

2 months 1.3 � 0.1 ( )n p 28 5.4 � 0.5a ( )n p 29 4.1 � 0.4a ( )n p 29

7 months 1.2 � 0.2 ( )n p 9 5.6 � 0.9a ( )n p 9 4.7 � 0.7a ( )n p 9

IFN-g, pg/mL

0 months 7.8 � 0 ( )n p 22 11.0 � 1.5 ( )n p 22 7.8 � 0 ( )n p 22

2 months 7.8 � 0 ( )n p 18 90.4 � 24.1a ( )n p 18 41 � 9.0a ( )n p 18

7 months 9.5 � 0.5 ( )n p 6 206.8 � 94.2a ( )n p 6 107.9 � 50.2a ( )n p 6

IL-10, pg/mL

0 months 5.8 � 0.7 ( )n p 22 15.3 � 6.4 ( )n p 22 6.1 � 0.6 ( )n p 22

2 months 6.0 � 0.8 ( )n p 18 38.4 � 6.6a ( )n p 18 18.8 � 3.1a ( )n p 18

7 months 6.2 � 1.6 ( )n p 6 61.7 � 25.2a ( )n p 6 30.0 � 8.6a ( )n p 6

IL-5, pg/mL

0 months 3.2 � 0 ( )n p 22 3.2 � 0 ( )n p 22 3.2 � 0 ( )n p 22

2 months 3.4 � 0.2 ( )n p 18 16.0 � 3.4a ( )n p 18 11.7 � 2.4a ( )n p 18

7 months 7.9 � 4.8 ( )n p 6 17.5 � 6.1a ( )n p 6 22.9 � 15.3a ( )n p 6

NOTE. Results were obtained by use of cryopreserved peripheral blood mononuclear cells. SI, stimulation
index.

a .P ! .05trend

compared with month 2. Antibody titers at month 2 correlated

positively with IFN-g ( , ) levels induced byP p .03 r p 0.815

L1 VLPs in vitro at month 7. Positive correlations were observed

for the other two cytokines examined but did not reach sta-

tistical significance (for IL-10, , ; for IL-5,P p .06 r p 0.714

, ). No significant correlation between anti-P p .1 r p 0.583

body titers after the second immunization and lymphoprolif-

erative responses to L1 VLPs after the third immunization was

observed ( , ).P p .86 r p 0.06

Consistent with these findings, a comparison between the

pattern of cellular immune responses and antibody responses

induced by L1 vaccination with VLPs indicates that they follow

a similar pattern over a 7-month period (figure 5A and B).

DISCUSSION

In the present study, we have addressed whether parenteral

immunization with a recombinant HPV-16 L1 VLP vaccine, in

the absence of adjuvant, induces systemic CMI responses—

including lymphoproliferative and cytokine responses—to the

vaccine. Our results indicate that, in healthy young women,

parenteral vaccination with L1 VLPs induces, 1 month after

the second and third doses (i.e., at months 2 and 7, respec-

tively), significant systemic lymphoproliferative and cytokine

(both Th1 and Th2 type) responses.

This study presents the first results regarding CMI responses

in recipients of a recombinant HPV-16 L1 VLP vaccine ad-

ministered in the absence of adjuvant. A recent report from a

phase I trial of an HPV-11 VLP vaccine administered with alum

has indicated similar patterns of lymphoproliferative and cy-

tokine (IFN-g and IL-5) responses after immunization [21].

Mouse studies that preceded human trials also have demon-

strated that L1 VLPs are capable of priming a CMI response

associated with production of Th1-type cytokines and cytotoxic

CD8+ T cell responses [22, 23]. Furthermore, results from an-

imal-model studies have indicated that inoculation of mice with

HPV-16 L1 VLPs results in HPV-specific T cell–proliferative

responses and production of both Th1 and Th2 cytokines and

that vaccinated animals are protected against virus challenge

with recombinant vaccinia expressing HPV-16 L1 [24].

Although peak responses were often seen after the third im-

munization (i.e., at month 7), the highest increments in both

lymphoproliferative and cytokine responses were seen after the

second immunization (i.e., at month 2). Increments over the

levels seen at month 2 were found in some, but not all, indi-

viduals at month 7, suggesting that boosting of CMI response

is possible even after high levels of HPV-specific neutralizing

antibodies have been generated. This finding is consistent with

our observation that titers of anti–L1 VLP antibody after the

second vaccination are positively rather than negatively cor-

related with CMI response observed after the third vaccination.

So, although anti–L1 VLP antibodies appear to strongly an-
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Figure 4. Lymphoproliferative and cytokine responses, at month 7, to
HPV-16 L1 VLPs at concentrations of 10 mg/mL (A) and 2.5 mg/mL (B),
in vaccine recipients whose antibody titers, at month 2, were either
�2560 or 12560. Lymphoproliferative responses and cytokine responses
are expressed as fold increase over month-2 levels.

Figure 5. Relationship between anti–L1 VLP antibodies and lympho-
proliferative (A) or cytokine (B) responses in the vaccine recipients. An-
tibodies were determined by ELISA and are expressed as geometric mean
titers (GMTs). Lymphoproliferative and cytokine responses are expressed
as stimulation indices (SIs) and picograms per milliliter, respectively.

tagonize major histocompatibility complex (MHC) class I pre-

sentation [20], they may promote increased MHC class II an-

tigen presentation to T helper cells, as a result of opsonization

of the L1 VLPs [20]. Cytokines released by primed T helper

cells may then have a synergistic effect on the action of memory

B cells and may stimulate the development of cytotoxic T cells

and/or natural killer cells, which might be able to directly elim-

inate infected cells [13, 16].

In this phase II trial, a considerable number of individuals

had, prior to vaccination, lymphoproliferative responses 13.0

for the L1 VLPs, consistent with the results of a recent report

of a phase I trial of an HPV-11 VLP vaccine [21]. These re-

sponses could result from the fact that some of these individuals

had previous HPV exposures that resulted in priming to HPV

epitopes. Alternatively, the responses could be due to lympho-

cyte cross-reactivity [25] to antigens with homology with HPV-

16 L1, to contaminants from the L1 VLP preparation, or to

the fact that L1 VLPs are highly immunogenic and can stimulate

production of multiple cytokines, particularly from antigen-

presenting cells [26, 27], in a memory independent fashion.

The lymphoproliferative and cytokine responses to L1 VLPs

after vaccination appeared, for the most part, to be L1 VLP

specific and not due to contaminants in the L1 VLP preparation,

since similarly processed lysates of Sf9 insect cells infected with

baculovirus did not induce significant levels of responses in

PBMCs from the vaccine recipients. In addition, in both vaccine

recipients and placebo recipients, either no significant increases

or some slight decreases in the immune responses (lymphopro-

liferation and cytokine production) to the PHA and influenza-

virus controls were observed at either month 2 or month 7. This

finding, together with the fact that placebo recipients did not

show any significant increases in immune responses to HPV-16

L1 VLPs in vitro at either month 2 or month 7, compared with

month 0, is consistent with the induction of an L1 VLP memory

response in the vaccine recipients. Experiments using L1 VLPs

from heterologous HPV virus are underway, to determine

whether the responses elicited by this vaccine are HPV-16–type

specific.

The results of the BrdUrd labeling experiments indicate that

the lymphoproliferative response seen after immunization with

L1 VLPs includes proliferation of both CD4+ and CD8+ T cells,

suggesting that both subsets of lymphocytes proliferate in re-

sponse to the vaccine; however, in the small group of vaccine

recipients tested, the relative levels of lymphoproliferative re-

sponse to L1 VLPs appears to be higher among CD4+ T cells

than among CD8+ T cells. The impact that the L1 VLP vaccine

has on CD4+ and CD8+ T cell effector function remains to be

addressed.

The cellular immune responses (lymphoproliferation and cy-

tokine levels) after healthy individuals are immunized with L1

VLP vaccine are consistently higher than those previously re-

ported in the context of natural infection [28]. In fact, T cell

responses to HPV antigens in natural HPV infection have been

difficult to measure [29]. Similarly, the levels of neutralizing

antibodies elicited by vaccination with L1 VLPs have been

shown to be ∼40-fold higher than that seen in natural infection

[12]. Although the high levels of systemic antibody and T-cell
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responses observed after vaccination with L1 VLPs are reas-

suring, protection from infection and from disease progression

will have to occur at the genital tract, where infection occurs.

Little is known about the levels of antibody responses or T-cell

responses in the genital tract, although recent evidence suggests

that HPV-specific antibodies are consistently detected at the

cervix after vaccination with HPV L1 VLPs (C. D. Harro and

D. R. Lowy, unpublished observations). Also, cervical cytokine

responses to HPV-16 L1 have been reported in women infected

with HPV-16 [30]. Cervical T cell responses in vaccine recip-

ients were not considered in the current study but deserve

future attention, in light of their putative relevance in protec-

tion against infection.

Although our findings suggest that HPV-16 vaccination with

L1 VLPs induces a robust CMI response to the vaccine, the in

vivo role of these responses in both prophylactic and thera-

peutic vaccination settings has not yet been defined. Issues that

remain to be addressed include (1) the determination of what

proportion of the measured cytokine responses are mediated

by CD4+ and CD8+T cells, (2) the identification of specific

epitopes involved in T cell response to vaccination with HPV-

16 L1 VLPs, (3) the determination of whether vaccination with

L1 VLPs induces cytotoxic T cell responses targeted against

HPV-16–infected cells, and (4) the determination of whether

the responses elicited by the vaccine may cross-react with het-

erologous HPV types. Most important, larger trials are nec-

essary to evaluate whether CMI responses are important mod-

ulators of both prophylactic and therapeutic effects of vacci-

nation with L1 VLPs.
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